ABSTRACT Dietary copper sulfate (CuSO 4 ) and tribasic copper chloride (TBCC) were examined for their effects on intestinal physiology and growth of broiler chickens. In 2 experiments (Experiments 1 and 2), day-old broiler chicks were fed 1 of 4 diets: a basal diet with no supplemental copper (Cu; negative control), a basal diet + 188 mg of Cu/kg of diet from TBCC or CuSO 4 , or a basal diet + subtherapeutic antibiotics (bacitracin and roxarsone; positive control). In Experiment 1 (recycled litter), CuSO 4 and TBCC increased carcass weight (d 45 posthatch) compared with the negative control (P < 0.05 for each). In Experiment 2 (fresh litter), negative control and TBCC increased carcass weight (d 42 posthatch) com-
INTRODUCTION
For many years, subtherapeutic antibiotics (AGP) have been incorporated into poultry and swine diets because of their favorable effects on growth, feed intake, and feed efficiency (Eyssen and deSomer, 1963) . It is thought that AGP promote or allow optimal growth by regulating the microflora in the small intestine, allowing commensal bacteria to maintain an environment for maximum nutrient absorption and reducing pathogenic bacteria that can produce toxins and damage the intestine (Coates et al., 1955; Lev et al., 1957) . As a result, animals fed AGP have fewer incidences of subclinical immune challenges from pathogenic bacteria, which would negatively affect performance (Barber et al., 1955; Coates et al., 1955; Stanley et al., 2004) . However, there are growing concerns that the continual feeding of AGP is leading to the development of antibiotic resistance in many pathogenic bacteria isolated from production animals as well as from humans (Mamber and Katz, 1985; Aarestrup, 1999; Aarestrup et al., 2001) . Therefore, there is considerable interest in alter- Corresponding author: ekoutsos@calpoly.edu 999 pared with the positive control (P < 0.05 for each). At d 30 to 31 posthatch, intestinal histology was measured. In Experiment 1 (recycled litter), dietary TBCC, CuSO 4 , and positive control decreased the number of lamina propia lymphocytes or intraepithelial lymphocytes (IEL), or both, compared with the negative control (P < 0.05). However, in Experiment 2 (fresh litter), TBCC and positive control increased the number of duodenum IEL compared with the negative control (P < 0.05), and negative control and TBCC increased the number of ileum IEL. These data demonstrate that broiler performance and intestinal physiology can be influenced by dietary Cu source and level as well as microbial environment (fresh vs. recycled litter).
natives to AGP that can produce similar results in terms of intestinal microflora regulation, as well as optimal growth and performance.
The intestinal environment is a specialized system that is highly regulated, allowing for the absorption of nutrients and the proliferation of commensal microorganisms and also maintaining defenses against pathogenic bacteria and other antigens. These defenses include the mucosal barrier and components of the innate and adaptive immune system (Sanderson, 2003) . The mucosal barrier provides protection through mucus production and secretion, peristalsis, and secretion of lysozymes (Sanderson and Walker, 1999) vs. the innate immune system, which uses pattern recognition receptors (i.e., toll-like receptors) to recognize pathogenic and commensal bacteria (Tlaskalova-Hogenova et al., 1995) . Additionally, cells of the innate and acquired immune system, such as T and B cells, macrophages, mast cells, and M cells, are located throughout the lamina propia, intraepithelial area, and lymphoid tissue and maintain a regulated environment that develops tolerance or induces an immune response when necessary (Shao et al., 2001; Tlaskalova-Hogenova et al., 2004) . The intestinal microflora can influence the mucosal immune system as well as the development of the systemic immune system (Tlaskalova-Hogenova et al., 1983) ; germ-free animals have reduced macrophage chemotaxis and phagocytosis activity (Tlaskalova-Hogenova et al., 2004) . Therefore, some microflora populations are critical for normal immune system development, but excessive levels of pathogenic bacteria can reduce performance and increase disease risks.
With the increasing public concern of bacterial resistance to antibiotics, animal production industries are looking at AGP alternatives that have antimicrobial properties, maintain intestinal health, and allow for optimal growth. Copper has received considerable attention due to its antimicrobial properties that improve performance in animals when fed over the minimum requirement (Barber et al., 1955; Smith, 1969; Jenkins et al., 1970; Miles et al., 1998) . Studies have shown that supplementation with various Cu sources (e.g., Cu sulfate, Cu citrate, or Cu chloride) increases growth in poultry (Smith, 1969; Pesti and Bakalli, 1996; Miles et al., 1998) and swine (Braude, 1967; Hill et al., 2000) . In particular, tribasic copper chloride (TBCC) and CuSO 4 fed to pigs at 200 mg of Cu/ kg of diet improved growth rate, feed intake, and feed efficiency (Cromwell et al., 1998) . Different sources of Cu have different bioavailability; in broiler chickens, the bioavailability of TBCC has consistently been equal to or greater than that of CuSO 4 (Miles et al., 1998) , and water solubility also varies between TBCC (<1% soluble) and CuSO 4 (>99% solubility). Therefore, the purpose of these trials was to examine the effects of TBCC or CuSO 4 on performance and intestinal histology of broiler chickens, in comparison to AGP. Additionally, these sources were examined in fresh and recycled litter environments.
MATERIALS AND METHODS

Animal Husbandry
For each of the following experiments broiler chicks were obtained at day of hatch from a commercial hatchery (Cobb × Cobb, Foster Farms, Fresno, CA) and housed in a curtain-sided floor pen facility (blocked for row and location within building). At d 0 posthatch, chicks were randomly assigned to pens and experimental diets, which were fed in 3 diet phases (i.e., starter, grower, and finisher phases) until birds reached market weight (Tables 1 and  2 ). All chicks received ad libitum access to assigned diets and water, and the formulated diets met or exceeded the requirements of growing broiler chicks (NRC, 1994) . The volume of feed offered was recorded throughout the trials. All procedures were approved by the California Polytechnic State University Animal Care and Use Committee.
Experiment 1
Broiler chicks (n = 1,760) were placed on recycled litter (rice hulls, 2 previous flocks) and randomly assigned to 1 of 4 diets (8 pens/diet; n = 55/pen; 0.85 ft 2 /bird × pen). Birds were fed a basal diet ( 
Experiment 2
Chicks (n = 1,033) were placed on fresh litter (rice hulls) and randomly assigned to 1 of 4 diets (8 pens/diet; n = 33/pen; 0.85 ft 2 /bird × pen). Diets were similar to Experiment 1 and consisted of basal diet with no supplemental copper (8 mg of Cu/kg of diet; negative control), or basal diet supplemented with 188 mg of Cu/kg of diet as CuSO 4 , 188 mg of Cu/kg of diet as TBCC, or subtherapeutic antibiotics (bacitracin and roxarsone as described for Experiment 1). At d 21 posthatch, the inflammatory immune response (2 birds/pen) was stimulated by intraabdominal administration with lipopolysaccharide (LPS, L7261, Sigma; 2 mg/kg of BW). At 24 h post-LPS (d 22 posthatch), blood was collected from LPS-vaccinated birds as well as 2 unvaccinated birds/pen by cardiac puncture for plasma isolation. Birds were then euthanized by cervical dislocation, and liver and spleen weights were recorded. On d 30 posthatch, 3 birds/pen were individually weighed, then euthanized by cervical dislocation, and intestinal samples were isolated for further analysis. On d 47 posthatch, 10 birds/pen were processed using commercial processing equipment, and carcass parameters were assessed.
Dependent variables measured included liver and spleen weight (% BW) and hepatic minerals ( 
Analysis of Blood, Livers, and Intestines
The primary antibody response to KLH was measured (Experiment 1) in plasma at d 21 posthatch (7 d post-KLH vaccination) by ELISA assay. Briefly, 150 L of DNP- KLH in carbonate buffer (2 g/mL) was incubated in a 96-well plate for 24 h at 22°C. After incubation, the plate was washed with PBS + 0.05% Tween 20 (P7949, Fisher, Pittsburgh, PA) with a EL×50 Auto Strip plate washer (Bio-Tek Instrument Inc., Winooski, VT), then washed with Superblock buffer. Dilutions of sample plasma were made in Superblock buffer + 0.05% Tween 20 (100 L/ well; 1:16, 1:32, 1:64, and 1:128) and incubated for 30 min at 22°C. The plate was washed again and incubated with anti-chicken IgG-peroxidase (A9046, Sigma, 1:30,000 in Superblock buffer) for 20 min at 22°C. The washed plate was incubated with BM Blue POD Substrate solution (1484281, Roche, Indianapolis, IN) for 10 min at 22°C. Then the reaction was stopped with 1 M H 2 SO 4 and OD read at 450 nm within 5 min. Data presentation of KLH antibody titers are expressed as log 2 values of the highest dilution giving a positive value. Birds were fed either a basal diet (8 mg of Cu/kg of diet; negative control), a basal diet + 188 mg of Cu/kg of diet as CuSO 4 or tribasic copper chloride (TBCC), or a basal diet + subtherapeutic antibiotics (positive control). Data represent means ± SEM. Plasma (Experiment 1, d 21 posthatch) and livers (Experiment 2, d 22 posthatch) were examined for Cu, Zn, P, K, S, Ca, Mg, Fe, Na, Mn, and Al by ICP analysis (Central Analytical Labs, University of Arkansas, Fayetteville, AR).
Intestinal histology was examined in 10 birds/pen (Experiment 1; d 31 posthatch) and 3 birds/pen (Experiment 2; d 30 posthatch). Intestinal segments were taken from the midpoint of the duodenum (duodenum), from the midpoint of the section cut to the Meckel's diverticulum (jejunum), and the midpoint of the Meckel's diverticulum to the ileocecal junction (ileum). Duodenum, jejunum, and ileum samples were isolated, washed with cold phosphate-buffered saline, rinsed with formalin, cut (2 cm), and placed in 50 mL of 10% formalin for embedding and hematoxylin and eosin staining by a commercial lab (IDEXX, Sacramento, CA).
For every slide (per bird), 3 villi were randomly selected to measure villus length, villus width, lamina propia width, crypt depth, and to count lamina propia lymphocytes (LPL) and intraepithelial lymphocytes (IEL) by hematoxylin and eosin staining. Using a 5× field, villus length was the distance between the apical region to the base of the villus, and villus width was the distance between 1 side of the brush border membrane to the other side of the brush border membrane (Iji et al., 2001) . Using a 10× field, lamina propia width was determined by measuring the width of the vasculature region located in the center of the villus (Sanderson, 2003; Mestecky et al., 2005) , and crypt depth was the depth of the invaginations at the base of each villus. The LPL were counted from in the lamina propia area and IEL from the epithelial area surrounding the lamina propia (Bjerregaard, 1975) . When superscripts are different within a column, broiler weight means are significantly different (P < 0.05).
1
Average broiler body weights were calculated at selected days over the experimental time period and represent live weight (LW) and carcass weight (CW). Broilers (n = 1,760 for Exp. 1, n = 1,033 for Exp. 2) were fed either a basal diet (8 mg of Cu/kg diet; negative control), a basal diet + 188 mg of Cu/kg of diet as CuSO 4 or tribasic copper chloride (TBCC), or a basal diet + subtherapeutic antibiotics (positive control).
Statistics
Data were analyzed with ANOVA (JMP program, SAS, Cary, NC) to examine the main effects of diet, treatment, location within building (row), and their interactions. Row and the interaction of row × diet were included in the model to ensure that blocking was appropriate. Therefore, when row and the interaction of row × diet were not significant (P > 0.20), they were removed from the model. When main effects were significant (P < 0.05), differences between means were determined using Student's t-test.
RESULTS
Experiment 1
Initial BW did not differ between groups prior to diet assignment (P = 0.34; average = 43.1 ± 0.5 g/bird). On d 14 posthatch, chicks fed CuSO 4 and TBCC had significantly greater BW than negative controls (P < 0.05; CuSO 4 average = 269 ± 5 g/bird; TBCC average = 267 ± 9 g/bird; negative control average = 240 ± 8 g/bird), and positive control was intermediate. On d 31 posthatch, only chicks fed CuSO 4 were heavier than negative controls (P < 0.05; Table 3 ), but carcass weights at d 45 posthatch were significantly greater for chicks fed CuSO 4 and TBCC as compared with those fed negative control (P < 0.05; Table 3 ). At both time points, positive control birds were intermediate to negative controls and Cu-supplemented diets. Breast muscle mass was not different due to diet (P = 0.69; average = 443 ± 9 g/bird).
Primary log 2 anti-KLH antibody titers were not different due to diet (P = 0.61). At d 21 posthatch, there was no effect of diet on plasma Cu, Zn, S, Ca, Mg, Fe, and Na (P > 0.20 for all). However, chicks fed CuSO 4 had higher plasma P compared with those fed the negative control (P < 0.05, data not shown), and chicks fed CuSO 4 and TBCC had higher plasma K than those fed the positive control (P < 0.05, data not shown). These differences were not observed at d 31 posthatch, and there was no effect of diet on plasma Cu, Zn, P, K, Ca, Mg, Fe, Na, S, and Mn (P > 0.20 for all), although chicks fed TBCC had higher plasma Al than those fed negative control (P < 0.05; data not shown).
Villi length and width in the duodenum, jejunum, and ileum were not affected by diet (P > 0.11 for all). In the duodenum, there was a trend in which chicks fed TBCC had greater LP width compared with those fed CuSO 4 (P = 0.06; data not shown). In the jejunum, chicks fed negative control had greater crypt depth compared with CuSO 4 , TBCC, or positive control, and those fed CuSO 4 had greater crypt depth compared with positive control (P < 0.05, Figure 1A ). Chicks fed negative control or CuSO 4 had greater crypt depth in the ileum compared with those fed TBCC and positive control (P < 0.05; Figure 1B) . Lymphocyte numbers were affected by diet in all 3 anatomical regions in the intestine. In the duodenum, chicks fed the negative control had a greater number of LPL compared with those fed CuSO 4 , TBCC, or positive control (P < 0.05 for each, Figure 2A ) and also had a greater number of IEL than chicks fed CuSO 4 or TBCC (P < 0.05 for each; Figure 2A ). In the jejunum, chicks fed negative control had greater number of LPL compared with those fed CuSO 4 or TBCC, and those fed positive control were greater compared with TBCC (P < 0.05 for each; Figure 2B ). In the ileum, those fed negative control had greater LPL compared with those fed TBCC (P < 0.05 for each; Figure 2C ).
Experiment 2
At d 0 posthatch, initial BW differed between groups prior to diet assignment (P = 0.02; average = 35.7 ± 0.1 g/ bird); chicks assigned to TBCC had greater BW compared with chicks assigned to negative control (P < 0.05; TBCC average = 36.2 ± 0.3 g/bird; negative control average = 35.2 ± 0.3 g/bird). However, these differences were not seen on d 7 posthatch or throughout the rest of the trial (P > 0.10 for d 21, 31, and 42 posthatch). At market weight (d 47 posthatch), carcasses from chicks fed negative control and TBCC were heavier than those of positive control (P < 0.05; Table 3 ); however, diet did not affect breast muscle mass (P = 0.27; average = 399.7 ± 11.5 g/bird). At d 22 posthatch (24 h post-LPS treatment), there was no effect of diet or LPS vaccination on spleen weight (% BW; P = 0.29 and P = 0.22, respectively). Similarly, there was no effect of diet on liver weight (P = 0.90), although LPS vaccination increased liver weight (% BW, 20% increase, P < 0.01). At d 22 posthatch, liver P, K, Al, Mg, and Cu were not affected by diet or LPS (P > 0.20 for all). The LPS stimulation increased liver Zn and decreased liver Fe, S, Na, and Mn (P < 0.05 for all), and chicks fed CuSO 4 had higher liver Fe than those fed TBCC (P < 0.05; 86.7 vs. 60.3 ± 4.4 g/g). In addition, chicks fed positive control had greater liver Ca compared with those fed negative control (P < 0.05; 62.9 vs. 58.8 ± 0.9 g/g).
Villi length and width were not affected by diet in any region of the small intestine (P > 0.15 for all). Additionally, there was no effect of diet on duodenum LP width or crypt depth, or ileum crypt depth (P > 0.15 for all). In the jejunum, crypt depth was greater in chicks fed CuSO 4 than those fed negative control or TBCC, and those fed positive control had greater crypt depth than TBCC (P < 0.05; Figure 3A) . The LP width increased in the jejunum of chicks fed positive control compared with those fed negative control or TBCC (P < 0.05; Figure 3B ). In the ileum, chicks fed CuSO 4 tended to have greater LP width compared with those fed positive control (P = 0.07).
Lymphocyte numbers were affected by diet, although not as consistently as in Experiment 1. Although duodenum LPL were not affected by diet (P > 0.15), chicks fed TBCC or positive control had more duodenum IEL compared with negative control (P < 0.05; Figure 4A ). Diet did not affect the number of jejunum LPL or IEL, or ileum LPL (P > 0.20 for each), but chicks fed negative control or TBCC had more ileum IEL compared with those fed positive control (P < 0.05; Figure 4B ).
DISCUSSION
These experiments examined broiler chick responses to different dietary Cu sources and levels. Dietary Cu treatments did not affect plasma Cu (Experiment 1) or liver Cu (Experiment 2) concentrations. Previous research has shown that only when diet Cu levels are >200 mg of Cu/kg of diet did liver or plasma Cu levels change (Miles et al., 1998) . Because these experiments did not include levels >200 mg of Cu/kg of diet, changes in plasma and liver Cu were not expected.
Previous research has demonstrated that dietary Cu enhances performance in poultry and swine when fed over the NRC minimum requirements (Hill et al., 2000; Skrivan et al., 2000) . Therefore in our experiments, it was hypothesized that chicks fed supplemental dietary Cu should perform similarly to chicks fed AGP and better than chicks fed no supplemental Cu. In Experiment 1, this hypothesis was confirmed, in that chicks fed TBCC or CuSO 4 had higher carcass weights compared with those fed negative control but were not significantly different from positive control. These birds were grown on recycled litter, and the effect of Cu supplementation and AGP was likely related to the fact that bacteria and other microorganisms are found at higher concentration in recycled litter compared with fresh litter (e.g., Coates et al., 1955; Coates et al., 1963; Reyna et al., 1983) . Increased exposure to bacteria and other pathogens will increase the chance of infection, and AGP have been shown to reduce the number of pathogenic bacteria in the intestine, therefore reducing the incidences of bacterial infections and maximizing growth potential (McDougald and Reid, 1991; Stanley et al., 2004) . Copper supplementation may also affect intestinal microflora and has been shown to affect the presence of bacteria in the litter (Johnson et al., 1985) . Regardless of the mechanism, when antigen load is high and immune responses are stimulated at the level of the intestine, an infiltration of lymphocytes occurs in the infected area (Bienenstock, 1984; Anderson et al., 1990 ; When superscripts are different within a tissue, IEL means are significantly different (P < 0.05). *When superscripts are different within a tissue, number of total lymphocyte means are significantly different compared with negative control (P < 0.05). Tlaskalova-Hogenova et al., 2004) . By regulating the intestinal microflora and reducing the incidences of bacteria translocation, the number of lymphocytes associated with the villus area should be decreased. In Experiment 1, in all 3 tissues examined (duodenum, jejunum, and ileum), chicks fed negative control had more LPL and IEL compared with chicks fed Cu or AGP supplemented diets. Therefore, chicks that did not receive supplemental Cu or AGP and were grown on recycled litter had increased subclinical immune challenges, which correlates to observed carcass weights.
In contrast to the positive effects of AGP and Cu supplementation on performance of chicks grown on recycled litter, chicks grown on fresh litter (Experiment 2) and fed negative control or TBCC had greater carcass weight and decreased IEL compared with those fed positive control. Again, this difference may be explained in the context of the type of microbial environment to which the bird was exposed (Mireles et al., 2004a,b) . In a "low" microbial environment as seen with fresh litter, AGP may negatively affect commensal bacteria needed for proper digestion (Forbes and Park, 1959) , resulting in decreased growth. Interestingly, TBCC supplementation did not have negative effects on performance in the fresh litter environment, suggesting that Cu supplementation may be more broadly applicable for growth promotion as compared with AGP, although environmental concerns should be noted.
In addition to differential effects of Cu sources on performance, the Cu sources (CuSO 4 and TBCC) used in these experiments affected different areas of the small intestine. In Experiment 1, CuSO 4 affected the number of LPL and IEL and crypt depth in the duodenum, whereas TBCC affected similar parameters in the jejunum and ileum. The CuSO 4 may have more efficacy in the proximal intestine due to dissociation of Cu 2+ from SO 4 2− , which can then bind to the prevalent H+ in the duodenum. The TBCC may have more efficacy in the jejunum and ileum due to chloride (Cl − ) dissociating with Cu and binding to either monovalent cations (e.g., K + , Na + , or P + ) or participating in Na + /K + pumps allowing Cu to associate with the small intestine in the distal intestine. Lastly, diets supplemented with AGP (bacitracin and roxarsone) seemed to have effects on the whole small intestine .
Finally, the systemic inflammatory response was examined in response to an LPS challenge (Experiment 2), which normally results in a dramatic decrease in plasma Fe and Zn and an increase in liver Zn Klasing, 1984; Roura et al., 1992) . This response was seen in our experiment; additionally, liver weight (% of BW) increased in response to LPS, as previously demonstrated (Roura et al., 1992 ; Xie et al., 2000; Mireles et al., 2005) . Together these observations indicate that an inflammatory response was induced. However, dietary treatments had no effect on measured parameters of the systemic inflammatory response, although other trials have shown reduced liver weights (with or without LPS stimulation) when poultry or swine were fed AGP or Cu supplements (Barber et al., 1957; Roura et al., 1992) . In Experiment 2, chicks fed CuSO 4 had significantly more liver Fe compared with those fed TBCC (negative and positive controls intermediate). Because Fe accumulates in the liver during the acute phase response (Klasing, 1984; Klasing et al., 1987) , this observation suggests that Cu source may differentially modulate the inflammatory response. Our cell culture experiments have shown that HD11 cells (avian macrophage cell line) incubated with plasma isolated from chicks fed TBCC had reduced nitric oxide production after LPS stimulation compared with cells incubated with plasma from chicks When superscripts are different within a tissue, IEL means are significantly different (P < 0.05).
fed negative control and CuSO 4 plasma treatments (Arias and Koutsos, 2005) . Therefore, Cu source may affect systemic or local inflammation differently. Finally, Experiment 1 showed that unchallenged chicks fed CuSO 4 had higher plasma K and P vs. those fed positive control and negative control, respectively. These changes may reflect the disregulation of electrolyte balance due to environmental stresses or time of sampling (Borges et al., 2003 (Borges et al., , 2004 . Prolonged electrolyte balance can have dramatic effects on performance; however, these changes in minerals were not observed at d 31 posthatch (Experiment 1) and therefore should not have been a factor affecting growth for the rest of the trial (Nesheim et al., 1964; Melliere and Forbes, 1966) .
On the basis of these data, in a "high" microbial environment (recycled litter), Cu (TBCC or CuSO 4 ) and AGP supplementation improved growth and decreased the number of intestinal lymphocytes. In contrast, in a "low" microbial environment (fresh litter), AGP negatively affected performance, and birds fed TBCC or no supplementation had the highest BW. Differences in these effects may be related to mechanism of action; AGP are generally thought to regulate microflora in the intestine, whereas Cu supplementation may affect intestinal microflora in addition to litter microflora. Differences between Cu sources seem to be related to effects on different regions of the small intestine. Overall, dietary Cu supplementation may allow for more consistent growth and performance of birds grown on fresh or recycled litter as compared with AGP supplementation.
